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的去除率与硅损失率都呈线性增加；采用 Ar+1.5%H2O(体积分数)等离子体时，硼的去除率在 30 min后达到最大
值，其含量从 22×10−6降至 0.2×10−6(质量分数)，硅损失率约为 0.5%/min；初始硼含量对除硼效果和硅损失率基
本无影响。 
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Abstract: The removal of boron from metallurgical silicon was studied by plasma melting using electromagnetic 
induction heating with the independently designed transfer arc plasma generator. The effects of boron removal and silicon 
loss were investigated under different technological conditions of reacting gas, melting time and initial boron content. 
The results show that a mixture of argon and water vapor (Ar+H2O) as reaction gas is more effective for the boron 
removal than a mixture of argon and oxygen (Ar+O2), and both the boron elimination rate and silicon loss rate increase 
with the H2O content increasing; the boron elimination rate increases to the maximum by using Ar+1.5%H2O(volume 
fraction) plasma for 30 min, and the boron content is reduced from 22×10−6 to 0.2×10−6 (mass fraction), the silicon loss 
rate is about 0.5%/min, the initial boron content has no effects on the boron removal rate and silicon loss rate. 
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伴随太阳能电池产业的迅速发展，太阳能级多晶























离子体熔炼 30 min，损失了约 8%的硅，硼去除率约





































图 1  等离子体熔炼系统示意图 
Fig. 1  Schematic drawing of plasma melting system: 1—
Transfer arc plasma torch; 2—Lifting device; 3—Furnace body; 




图 2  转移弧等离子枪示意图 




















表 1  等离子体熔炼实验参数 
Table 1  Experimental parameters of plasma melting 
Induction heating power/kW 20−35 
Plasma torch power/kW 30−100 
Given current/A 150−555 
Plasma arc length/mm 50−200 
Furnace pressure/kPa 5 
Gas composition/% 
Ar+O2 (0−1.5%)；Ar+H2O 
(0−1.5%, volume fraction) 
Gas flow/(L·min−1) 25 







Ar+1.5%H2O熔炼 10和 20 min后硼的去除效果，如图
3所示。 












图 3  初始硼含量为 22×10−6 时不同反应气体除硼效果的 
比较 
Fig. 3  Comparison of removal efficiency of boron by 
different reacting gases at initial boron content of 22×10−6 
 





它会分解成不稳定的 H 和 O，与 SiO2膜发生如下反  
应[11−12]：  
 





损失率。由图 4可以看出，伴随 H2O含量的增加，硼 
 
 
图 4  不同水蒸气含量对除硼率和硅损失率的影响 
Fig. 4  Effects of water vapor content on boron removal rate 
and silicon loss rate 









图 5  熔炼时间对除硼率和硅损失率的影响 
Fig. 5  Effects of melting time on boron removal rate and 
silicon loss rate 
 
由图 5可以看出，在熔炼初期，硼去除率迅速增
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图 6  ln([B]/[B]0)与熔炼时间的线性关系 




式(4)中的 k值可由图中直线斜率求出，约为 2.6×10−3 
s−1。由以上结果，可以通过式(5)计算出硼在硅液中的

























率常数 k 也相应减小。初始硼含量由 22×10−6 降至
8.6×10−6时，k由 2.6×10−3 s−1降低至 1.9×10−3 s−1。
值得注意的是，无论采用何种原料硅，当熔炼时间超




图 7  不同初始硼含量下 ln([B]/[B]0)与熔炼时间的线性关系 
Fig. 7  Linear relationship between ln([B]/[B]0) and melting 








图 8  不同初始硼含量下硅损失率与熔炼时间的关系 
Fig. 8  Relationship between silicon loss rate and melting time 











增加，硼去除率在前 15 min迅速增加，30 min后达最
大值 99.1%，硼在硅液中的传质系数约为 9.8×10−5 
m/s，硅损失率约为 0.5%/min。 
3) 除硼效果与硅损失率和初始硼含量基本无关，
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